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Communication between the endoplasmic retic-
ulum (ER) and mitochondrion is important for
bioenergetics and cellular survival. The ER sup-
plies Ca2+ directly to mitochondria via inositol
1,4,5-trisphosphate receptors (IP3Rs) at close
contacts between the two organelles referred
to as mitochondrion-associated ER membrane
(MAM). We found here that the ER protein
sigma-1 receptor (Sig-1R), which is implicated
in neuroprotection, carcinogenesis, and neuro-
plasticity, is a Ca2+-sensitive and ligand-oper-
ated receptor chaperone at MAM. Normally,
Sig-1Rs form a complex at MAM with another
chaperone, BiP. Upon ER Ca2+ depletion or via
ligand stimulation, Sig-1Rs dissociate from
BiP, leading to a prolonged Ca2+ signaling into
mitochondria via IP3Rs. Sig-1Rscan translocate
under chronic ER stress. Increasing Sig-1Rs in
cells counteracts ER stress response, whereas
decreasing them enhances apoptosis. These
results reveal that the orchestrated ER chaper-
onemachinery atMAM,by sensingERCa2+ con-
centrations, regulates ER-mitochondrial interor-
ganellar Ca2+ signaling and cell survival.
INTRODUCTION
In cells, mitochondria act as a spatial Ca2+ buffer that re-
duces cytosolic Ca2+ overload and regulates Ca2+-depen-
dent signalings in the cytosol (Duchen, 2000). Mitochon-
drial Ca2+ contributes to many physiological events,
including bioenergetics, neuroplasticity, and cell death
(Mattson, 1999;Rizzuto et al., 2004;Walter andHajnoczky,
2005). As such, mitochondrial Ca2+ spikes and oscillations
evoke redox reactions and ATP productions by regulating596 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.Ca2+-dependent enzymes in the TCA cycle (Hajnoczky
et al., 1995; Rizzuto et al., 2004), whereas mitochondrial
Ca2+ overloading leads to apoptosis when cells are under
pathological conditions (Walter and Hajnoczky, 2005).
Mitochondrial Ca2+ is partly takenup from thecytosol via
low-affinityCa2+ uniporters atmitochondria (Kirichok et al.,
2004). However, the [Ca2+] in the bulk cytosol does not
usually reach high-enough concentrations to activate the
uniporter. Itwaspostulated thatCa2+ released from the en-
doplasmic reticulum (ER) via inositol 1,4,5-trisphosphate
receptors (IP3Rs) may generate microdomains of high
[Ca2+] at focal contacts between ER and mitochondria,
providing sufficient [Ca2+] for the activation of uniporters
(Rizzuto et al., 2004). These contacts have also been dem-
onstrated in studies examining the intermembrane trans-
port of phospholipids and are calledmitochondria-associ-
ated ER membranes (MAM) (Vance, 1990). Importantly,
Ca2+-handling proteins such as IP3Rs (especially type 3
IP3Rs; IP3R3s) are highly compartmentalized at MAM,
providing a direct and proper mitochondrial Ca2+ signaling
(Mendes et al., 2005).
The ER is a multifunctional organelle that controls pro-
tein translation as well as Ca2+ homeostasis. Newly syn-
thesized proteins are cotranslationally translocated into
the ER lumen, where they are folded into proper conforma-
tions by aid of molecular chaperones (Schroder and Kauf-
man, 2005). Under physiological conditions,majority of ER
chaperones, including BiP (GRP78), calreticulin, and cal-
nexin, serve to store ER Ca2+ as high-capacity Ca2+-bind-
ing proteins (Hendershot, 2004). Under ER stress such as
ER Ca2+depletion, ER chaperones are upregulated by
means of the so-called unfolded protein response (UPR)
to facilitate protein refolding (Schroder and Kaufman,
2005). ER chaperones are thus important in maintaining
proper cellular Ca2+ level and protein folding. IP3Rs are
known to be, upon IP3 stimulation, rapidly ubiquitinated
anddegradedbyproteasomes via the ER-associated deg-
radation pathway (Alzayady andWojcikiewicz, 2005; Bha-
numathy et al., 2006). The degradation of IP3Rs is partially
regulated by ER lumenal Ca2+ (Bhanumathy et al., 2006).
However, exactly how the ER lumenal Ca2+ regulates the
stability of IP3Rs is unknown. Further, whether ER chaper-
ones play a role in this regard has never been explored.
The sigma receptor is a nonopioid ER protein compris-
ing at least two subtypes: sigma 1 and sigma 2 (Hayashi
and Su, 2004a). The sigma-1 receptor (Sig-1R) has been
cloned (Hanner et al., 1996). The sequence of the sigma-
2 receptor remains unknown. TheSig-1R has no homology
to any othermammalian proteins but shares a 30.3% iden-
tity with a yeast C8-C7 sterol isomerase (Hanner et al.,
1996). However, knockdown of Sig-1Rs does not alter
cholesterol metabolisms in mammalian cells (Figure S1).
Sig-1Rs bind benzomorphans [e.g., (+)pentazocine], ste-
roids, and diverse kinds of psychotropic drugs (Su et al.,
1988; Snyder and Largent, 1989). In nervous systems,
Sig-1Rs regulate neuritogenesis, K+ channels, IP3R-medi-
ated Ca2+ signaling, memory, and drug addiction (Maurice
and Lockhart, 1997; Hayashi and Su, 2001; Aydar et al.,
2002; Matsumoto et al., 2003; Hayashi and Su, 2004a).
Sig-1Rs are also expressed in peripheral organs, including
liver and pancreas (Hanner et al., 1996), and in cancer cells
(Vilner et al., 1995). Recent studies demonstrated potent
antiapoptotic actions of Sig-1Rs: e.g., blocking neurode-
generation caused by b-amyloid or ischemia (Marrazzo
et al., 2005; Vagnerova et al., 2006). Sig-1R antagonists,
however, inhibit tumor-cell proliferation (Spruce et al.,
2004). Nevertheless, the basic molecular action of Sig-
1Rs remains unknown.
We have now successfully identified the Sig-1R as
a novel ‘‘ligand-operated’’ chaperone that specifically tar-
gets MAM. More importantly, we found that Sig-1Rs form
a Ca2+-sensitive chaperone machinery with BiP and pro-
long Ca2+ signaling from ER into mitochondria by stabiliz-
ing IP3R3 s at MAM. This constitutes the first report of an
ER chaperone influencing mitochondrial Ca2+ signaling
from the side of the ER lumen.
RESULTS
Sig-1Rs and ER Chaperones Target MAM
Sig-1Rs are highly compartmentalized at lipid-enriched
globular membranes associated with smooth ER (Hayashi
and Su, 2003a, 2003b), differentiating themselves from
other ER-resident proteins like cytochrome-P450 reduc-
tase (Hayashi and Su, 2003b) or the transfected KDEL
ER-retention peptide (Figure 1A). Within the smooth ER,
a few established domains are morphologically distin-
guishable, e.g., the ER export site whereby synthesized
proteins are exported to the Golgi apparatus and the
MAM where Ca2+ handling proteins and lipid synthases
are enriched (Vance, 1990; Rizzuto et al., 2004). Our
microscopic data indicated that Sig-1R-enriched globules
are not ER export sites (Figure S1). However, when mito-
chondria were visualized by expressing the mitochon-
drion-targeting red fluorescent protein (Mito-DsRed),
endogenous Sig-1R-enriched ER globules were found to
directly apposemitochondria (Figures 1B, 1C, and S1). Al-
though our previous study using NG108 cells stated thatthe image of Sig-1R-enriched domains per se was distinct
from that of mitochondria, we did not examine the spatial
relationship of these two organelles (Hayashi and Su,
2004b). We indeed observed the same apposition in
NG108 cells (data not shown). In living cells, Sig-1Rs fused
at the C termini to enhanced yellow fluorescent proteins
(Sig-1R-EYFP), also apposed directly to mitochondria
(Figure 1D). The real-time monitoring of living cells also
demonstrated the existence of Sig-1R-EYFP-containing
entities even in the most highly mobile mitochondria
(Figure 1E). Moreover, in isolated mitochondrial prepara-
tions, the majority of mitochondria (>80%) were positive
for Sig-1R-EYFP-containing membranes (Figure 1F).
These findings together strongly support a notion that
Sig-1R-enriched ER globules are MAM.
Percoll gradient centrifugation with mannitol has been
shown to separate MAM-enriched membranes from iso-
lated mitochondria (Vance, 1990). Accordingly, we pre-
pared the MAM-enriched fraction from wild-type CHO
cells, which contains glucose-6-phosphatase, phosphati-
dylserine synthase, and IP3R3s, but not mitochondrial
proteins (Figure 1G). Consistent with microscopic data,
Sig-1Rs in wild-type cells and Sig-1R-EYFPs in trans-
fected cells were distinctly enriched in the MAM fraction
(Figure 1G). In addition to Sig-1Rs, several other ER resi-
dent proteins were examined. Protein disulfide isomerase
(PDI) is enriched in the P1 fraction as well as in P3 fraction,
indicating its presence at nuclear envelopes as well,
whereas BiP and calreticulin distribute over all fractions,
indicating their multiorganelle distributions as demon-
strated elsewhere (Sun et al., 2006). However, Ca2+-bind-
ing chaperones such as BiP, calnexin, and calreticulin, but
not PDI, were moderately enriched in the MAM fraction
(Figure 1G). Nevertheless, to rule out the contamination
issue during fractionations, localization of these ER pro-
teins was verified by immunocytochemistry. As shown in
Figures 1H and S2, these Ca2+-binding chaperones, as
well as IP3R3s, are highly clustered at Sig-1R-residing
MAM domains. Colocalization analysis reveals that
28%–38% of immunoreactivities derived from these pro-
teins overlapwithMito-DsRed, whereas PDI showed a co-
localization of less than 2% (Figure S2). We also found that
knockdown ofSig-1RsbysiRNAdidnot affect theMAM lo-
calization of these ER proteins (data not shown). Because
MAM regulates Ca2+ signaling between ER andmitochon-
dria (Hajnoczky et al., 1995; Rizzuto et al., 2004), our find-
ing on the abundance of Ca2+-binding ER chaperones at
MAM suggests that chaperones at MAM may play a role
in regulatingCa2+ signaling betweenERandmitochondria.
Association of Sig-1Rs with BiP
Sig-1Rs have been shown to associate with functionally
and structurally diverse proteins including IP3R, K+ chan-
nel subunit, and BiP (Hayashi and Su, 2001; Aydar et al.,
2002; H. Yamamoto et al., 2002, Soc. Neurosci., abstract).
These findings suggest that direct protein interactions
may play a role in the functionality of Sig-1Rs. We thus
performed immunoprecipitation assays (IP) to screen forCell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 597
Figure 1. Sig-1Rs and ER Chaperones Target MAM in CHO Cells
(A) Endogenous immunoreactive Sig-1Rs (green) in a cell expressing DsRed-KDEL (red). Arrows: Sig-1R-immunoreactive globules associated with
the ER.
(B and C) Spatial localization of endogenous immunoreactive Sig-1Rs (green) and mitochondria expressing Mito-DsRed (red). Arrows indicate close
appositions between Sig-1R-containing globules and mitochondria. (C) shows higher magnifications.
(D) Spatial localization of transfected Sig-1R-EYFP (green) and mitochondria (red) in a living cell.598 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.
protein(s) that couple to Sig-1Rs. For an efficient IP, two
CHO cell lines stably expressing either EYFP or Sig-1R-
EYFP were established. Our previous data indicated that
Sig-1R-EYFP, but not N-terminally EYFP-tagged Sig-
1Rs (EYFP-Sig-1Rs), mimics the functionality and locali-
zation of wild-type Sig-1Rs (Hayashi and Su, 2003b,
2004b). After labeling with 35S-methionine (35S-Met), living
cells were crosslinked with dithiobis-succinimidylpropio-
nate (DSP), followed by the IP of EYFP-tags with GFP an-
tibodies. Autoradiography detected a protein with 70
kDa (p70) as the most abundant protein coimmunopreci-
pitated with Sig-1R-EYFPs (Figure 2A). Proteins with
molecular masses of90 and 280 kDawere also coimmu-
noprecipitated with Sig-1R-EYFPs at much lesser
amounts. Since (1) one previous report suggested an as-
sociation of Sig-1Rs with BiP (H. Yamamoto et al., 2002,
Soc. Neurosci., abstract), (2) the molecular mass of BiP
(78 kDa) is close to p70, and (3) Sig-1Rs andBiP colocalize
at MAM (Figure 1), we speculated that the p70 might be
BiP. Indeed, the p70 disappeared when BiP in cell lysates
was immunoabsorbed with BiP antibodies prior to IP
(Figure S2E). Immunoblotting following IP confirmed that
BiP is coimmunoprecipitated with Sig-1R-EYFP in cross-
linked samples as well as in noncrosslinked lysates
(Figure 2B), with the latter result excluding the artificial
association during the crosslinking procedure (see Exper-
imental Procedures). Importantly, BiP coimmunoprecipi-
tated with Sig-1R-EYFP only in lysates prepared with
CHAPS, but not with Triton X-100, when crosslinking
was omitted (Figure 2B). CHAPS lysates from CHO-Sig-
1R-EYFP cells were thus used in following IP studies in
this report.
To verify that the association occurs on those endoge-
nous proteins, IP were performed in wild-type CHO cells.
As seen in Figure 2C, endogenous Sig-1Rs coimmunopre-
cipitated BiP, and conversely BiP coimmunoprecipitated
endogenous Sig-1Rs. Importantly, efficient coIP of these
endogenous proteins requires using lysates from MAM
in which both Sig-1Rs and BiP are enriched. No other
ER chaperones, including GRP94, calnexin, calreticulin,
PDI, ERp57, and cyclophilin B could be detected in immu-
noprecipitants of endogenous Sig-1Rs (Figure S2F), indi-
cating a highly specific interaction between Sig-1Rs and
BiP.
BiP is allosterically regulated by nucleotide binding that
results in adissociationofBiP fromtargetproteins (Hender-
shot, 2004). We added Mg2+-ATP (10 mM) into cell lysates
that indeed completely dissociated BiP from Sig-1R-EYFP(Figure 2D). BiP is known to associate transiently with
a variety of nascent proteins. We examined therefore
whether the Sig-1R-BiP complex represents a chaperone
mass assembly or merely a complex due to the role of
BiP chaperoning nascent Sig-1Rs. 35S-Met pulse-chase
experiments indicated that the Sig-1R-EYFP has a consid-
erably long half-life (>48 hr) (Figure 2E), indicating that
majority of the Sig-1R-EYFP represents mature proteins.
Further, pulse-chase experiments followed by BiP IP dem-
onstrated that BiP constantly associated with Sig-1R-
EYFP even 32 hr after the synthesis of the latter
(Figure 2F). These results indicate that the interaction be-
tween Sig-1R-EYFP and BiP is not due to the binding of
BiP to nascent Sig-1Rs but is a mass assembly of chaper-
ones.
BiP is known to form high-molecular mass assemblies
with other ER chaperones that respond to ER stress (Mel-
nick et al., 1994). We examined thus whether the Sig-1R-
EYFP-BiP complex might be sensitive to ER stress. Thap-
sigargin (TG), a Ca2+-ATPase inhibitor and a known ER
stressor, caused a rapid dissociation of Sig-1R-EYFP
from BiP in cells cultured in normal medium (Figure 2G).
Glucose deprivation, however, caused a slower dissocia-
tion (Figure 2G). These results suggest that the rapid dis-
sociation of Sig-1Rs from BiP might be due to the rapid
decline of ER lumenal Ca2+ concentrations ([Ca2+]ER) trig-
gered by TG. Thus, Ca2+ and other cations were tested for
their effects on Sig-1R-EYFP-BiP associations. When cat-
ions were added to cell lysates at concentrations close to
those in the ER (see Supplemental Results for estimation
of the concentrations), Ca2+ or Mn2+ apparently yielded
more BiP in Sig-1R-EYFP IP. Ca2+ chelator BAPTA, as
well as K+ and Mg2+, significantly decreased the coimmu-
noprecipitated BiP (Figure 2H). The BiP-Sig-1R complex
thus seems to be stabilized in the presence of Ca2+/
Mn2+. These data suggest that ER stress, especially with
ensued alterations of [Ca2+]ER, regulates Sig-1R associa-
tion with BiP.
Sig-1Rs bind psychotropic drugs and steroids (Hayashi
and Su, 2004a). We tested whether binding of ligands to
Sig-1Rs might influence the Sig-1R-BiP association. Se-
lective Sig-1R agonist (+)pentazocine dose- and time-
dependently caused the dissociation of Sig-1Rs from
BiP (Figure 3A) in CHO cells cultured under normal condi-
tions (presumably minimizing ER stress). Since Sig-1R
agonists per se did not influence either ER Ca2+ or states
of ER stress sensor proteins (data not shown), Sig-1R ag-
onists causing the dissociation of Sig-1Rs from BiP seem(E) Real-time monitoring of Sig-1R-EYFP (green) and mitochondria (red) in a living cell. Arrowheads indicate comigration of Sig-1R-EYFP and
Mito-DsRed.
(F) Images of crude mitochondria isolated by homogenization of cells expressing Sig-1R-EYFP (green) and Mito-DsRed (red).
(G) MAM membrane fractionation. All endogenous proteins, except Sig-1R-EYFP, were prepared from wild-type CHO cells. Sig-1R-EYFP was from
CHO-Sig-1R-EYFP cells. P1, nuclear; Mito, mitochondrial; P3, microsomal; Cyt, cytosolic fractions; OxyR, ubiquinol-cytochrome c oxidoreductase.
Glucose-6-phosphatase (G6Pase) was measured enzymatically. Phosphatidylserine (PtSer) synthase was assayed by incubating fractions with
14C-serine followed by TLC autoradiography for 14C-PtSer.
(H) Targeting of Ca2+-sensitive endogenous ER proteins (green) at mitochondria (red)-associated domains. Bars (mm): 10 in (A) and (B), 2 in (C), 1 in (D)
and (E), 5 in (F).Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 599
Figure 2. Association of Sig-1Rs with BiP
(A) Autoradiography showing coimmunoprecipitation of a 70 kDa protein with Sig-1R-EYFPs. CHO cells stably expressing EYFP or Sig-1R-EYFP
were labeled with 35S-Met for 1 hr followed by DSP crosslinking and IP with polyclonal GFP antibodies.
(B) Association of BiP with Sig-1R-EYFPs assayed under different conditions. Crosslinked CHO cells were assayed in left two lanes. Total cell lysates
were prepared byCHAPS or Triton X-100. Note:MAM fractions used for BiP IP in right panel. Proteins were detected by immunoblotting (IB). Note: the
lower bands in Sig-1R-EYFP samples are proteolytic products of the Sig-1R-EYFP.
(C) Association between endogenous Sig-1Rs and BiP in MAM from wild-type CHO cells.
(D) Effect of ATP on BiP association with Sig-1R-EYFP. Mg2+-ATP (10 mM) was exogenously added to CHAPS cell lysates followed by EYFP IP.
(E) Sig-1R-EYFP turnover rate. CHO-Sig-1R-EYFP cells were pulse labeled with 35S-Met for 10 min. Sig-1R-EYFPs were immunoprecipitated for
autoradiography. ‘‘Total cell lysate’’ represents turnover rates of unidentified proteins in CHO cells.
(F) Stable association of Sig-1R-EYFP with BiP: pulse chase plus IP. Lysates from pulse-labeled CHO-Sig-1R-EYFP cells were first immunoprecip-
itatedwith BiP. One quarter of BiP immunoprecipitants was used for BiP IB. Remaining BiP immunoprecipitants were further immunoprecipitatedwith
GFP antibodies for autoradiography of 35S-Sig-1R-EYFP (lower panel).
(G) Effects of cellular stresses on the Sig-1R-EYFP-BiP association. Glucose deprivation was performed by incubating cells in glucose-freeMEMwith
dialyzed FCS. BiP associated with Sig-1R-EYFP was assayed by IP. n = 4 in graph with SEM (error bar).
(H) Effects of cations on associations between BiP and Sig-1R-EYFPs. Cations were added exogenously to CHAPS cell lysates followed by Sig-1R IP.to operate in an ER stress-independent manner. Sig-1R
antagonists per se, such as NE-100 and neuroleptic halo-
peridol, did not affect the Sig-1R-BiP association. How-
ever, the antagonists completely inhibited the dissociation
of Sig-1Rs from BiP caused by Sig-1R agonists (Figures
3A and 3B). The potencies and stereospecificities of Sig-
1R ligands (Figure 3C) in causing Sig-1R dissociation
from BiP parallel the receptor-binding profile of Sig-1Rs
(Su, 1982). Sig-1R agonists may thus activate Sig-1Rs
by dissociating Sig-1Rs from BiP. Steroids such as preg-
nenolone sulfate and dehydroepiandrosterone sulfate are
agonists, whereas progesterone is an antagonist in this
regard (Figures 3B and 3C). These three steroids are600 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.synthesized at specific loci of ER membranes from
pregnenolone that is back transported from mitochondria
(Kauffman et al., 1998). Their local concentrations in ER
membranes may reach low micromolar concentrations,
especially in steroidogenic cells, thus endogenous ste-
roids could regulate the Sig-1R-BiP complex in particular
types of the cell.
Sig-1Rs Possess the Chaperone Activity In Vitro
ERchaperones, oftenpresent in the formof cochaperones,
play pivotal roles in cell death/survival (Kaufman, 2002).
Numerous studies have demonstrated the robust cell-pro-
tective property of Sig-1Rs (Spruce et al., 2004; Vagnerova
Figure 3. Ligand Regulation of the Sig-1R-BiP Association
(A) Effects of Sig-1R agonist (+)pentazocine [(+)PTZ] or antagonist NE-100 on Sig-1R-EYFP-BiP associations. Ligands were applied into normal
culture medium at 37C. CHAPS cell lysates were used in Sig-1R-EYFP IP for detection of coupled BiP. n = 3–5 in graphs (error bar = SEM).
(B) Effect of Sig-1R antagonists (35 min) on the (+)pentazocine (30 min)-induced dissociation of Sig-1R-EYFP from BiP. HP, haloperidol; NE, NE-100;
Prog, progesterone. n = 4 in graph (error bar = SEM), ***p < 0.0001, #p = 0.0031.
(C) Effects of Sig-1R ligands on BiP-Sig-1R associations. CHO cells were pretreated with ligands for 30 min. BiP associated with Sig-1R-EYFPs were
measured by IP. n= 4. Mean ± SEM.et al., 2006). As such, in light of our current finding of a
Sig-1R-BiP complex, we hypothesized that the Sig-1R
might itself be a new ER chaperone that forms a complex
withBiP. Therefore,we testednext the chaperone activities
of Sig-1Rs using purified Sig-1R polypeptides.
Our topological studies, combining immunocytochem-
istry (Figure 4A) and protease protection assays (Fig-
ure S3), predicted that the Sig-1R possesses two trans-
membrane domains with amino acids (aa) from 29 to 92
being cytosolic and the segment starting from aa 113 to
the end of the C terminus comprising a long ER lumenal
domain (Figure 4B). We were unable to purify full-length
Sig-1Rs in expression systems using either bacteria or
eukaryotic reticulocyte lysates due to low-expression or
low-purification efficacy (data not shown). Thus, we de-
cided to purify the glutathione S-transferase (GST)-fused
ER lumenal domain of Sig-1Rs (GST-Sig-1R116-223)
from a bacterial expression system and examined its po-
tential chaperone activity. The GST-fused cytosolic do-
main (GST-Sig-1R29-92) served as a control. The purified
polypeptides, however, lack a potential Sig-1R-ligand
binding site (Figure 4B).Being easily aggregated by heat shock, but afterwards
being refolded slowly, renders citrate synthase (CS)
a well-suited substrate protein for studying primary
actions of chaperones. Under 43C, most CS formed ag-
gregates in 40 min (Figure 4C). When either GST or GST-
Sig-1R29-92 was added to the test system with each at
the same molar ratio to CS, the light scattering increased
by 2-fold (Figure 4C), indicating that GST and GST-Sig-
1R29-92 also formed aggregates and may not possess
chaperone activity. On the contrary, aggregation of dena-
tured CS was suppressed by GST-Sig-1R116-223 in
a dose-dependent manner (Figure 4C). Recombinant BiP
also showed an apparent chaperone activity. Notably,
GST-Sig-1R116-223 also suppressed aggregations of se-
cretory proteins including low-density lipoprotein, insulin,
and brain-derived neurotropic factor, which are secreted
from Sig-1R-enriched organs (Figure 4D). These results
confirmed that the ER lumenal domain of the Sig-1R ex-
erts antiaggregation action in vitro.
Since BiP is an ER lumenal protein, the ER lumenal
domain of the Sig-1R might associate with BiP. Indeed,
Sepharose beads coupled to GST-Sig-1R116-223 pulledCell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 601
Figure 4. Chaperone Activity of Sig-1Rs
(A) Immunoreactivities of Sig-1Rs in CHO cells permeabilized with different agents. Cells were treated with CHAPS (0.2%) or Triton X-100 (Tx: 0.2%)
for permeabilization of plasma and ERmembranes or with streptolysin-O for permeabilization of plasmamembranes alone. Sig-1R antibodies against
52–69 or 143–165 aa or GFP antibodies were used to locate topological configuration of Sig-1Rs.
(B) Predicted topological structure of the Sig-1R on the ER membrane. Arrows indicate amino acids critical for Sig-1R ligand binding (Supplemental
Experimental Procedures).602 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.
down BiP in cell lysates from rat organs or CHO cells
(Figure 4E). Actions of Ca2+ or Mn2+ on the Sig-1R-BiP
association (Figure 2G) were also tested in this system in-
volving only purified BiP and GST-Sig-1R116-223. Ca2+
and Mn2+ dose-dependently increased BiP associated
with Sig-1R116-223 (Figure 4F). In the same system, BiP
or GST-Sig-1R116-223 alone at the same molar ratio to
CS suppressed CS light scattering by approximately
50% in divalent cation-free buffer. When both polypep-
tides were placed together, again in divalent cation-free
buffer, an almost 100% suppression of light scattering
was seen (Figure 4G). These results indicate that the
antiaggregation effect of the two polypeptides is additive
when dissociated from each other. In the presence of
Ca2+ orMn2+, each facilitating the BiP-Sig-1R association,
the additive effect was completely abolished (Figure 4G).
These results suggest the cation-dependent association/
dissociation of the Sig-1R-BiP complex as a novel
mechanism in regulating chaperone activities of these
proteins.
Sig-1Rs Are Upregulated and Redistributed
by ER Stress
ER stress promotes transcriptional upregulation of chap-
erone proteins (Schroder and Kaufman, 2005). As seen
with other chaperones, glucose deprivation and heat
shock caused rapid upregulation of Sig-1Rs (Figure 5A)
that was blocked by actinomycin D, a transcription inhib-
itor (Figure 5A). More selective ER stressors, such as
tunicamycin or TG, also caused a rapid upregulation of
Sig-1Rs (Figure 5B). These data, together with northern
blotting of Sig-1R mRNA (Figure 5C), indicate that the up-
regulation of Sig-1Rs involves transcriptional activation.
Although Sig-1Rs are MAM-residing proteins with
a considerably long half-life under normal conditions (Fig-
ures 1 and 2E), the chronic ER stress seems to alter these
features of Sig-1Rs, namely stability and subcellular distri-
bution. When ER stress lasted for more than 3 hr, the up-
regulation of Sig-1Rs was not apparent. This suggested
that the stability of Sig-1R protein and/or mRNA declined
upon sustained ER stress (Figures 5A and 5B). Brief expo-
sures of cells to stressors like heat shock, however,
caused an upregulation of Sig-1Rs lasting longer than
24 hr (Figure 5A). Regarding the cellular distribution of
Sig-1Rs, we previously reported that Sig-1Rs can translo-
cate from ER globules (now the MAM) to other parts of the
ER, especially when cells were maintained under Hank’s
balanced-salt solution (Hayashi and Su, 2003a) or in glu-cose-deprived medium (data not shown). These observa-
tions together with our current findings suggest that ER
stress might provoke translocation of Sig-1Rs. Indeed,
ER stress such as TG caused a dramatic redistribution
of Sig-1Rs only when the stress lasted longer than
30 min (Figure 5D). The significant decrease of Sig-1R im-
munoreactivity in MAM and the increase of Sig-1Rs in ER
reticular network and nuclear envelope indicate that the
redistribution may involve translocation of Sig-1Rs from
MAM to the periphery of the ER.
Overexpression of ER chaperones has been shown to
suppress the UPR and the ensued cell death (Schroder
and Kaufman, 2005). The effect of Sig-1R overexpression
on UPR was thus tested. Overexpression of Sig-1Rs or
Sig-1R-EYFP per se did not alter basal activity of ER
stress-sensor proteins (Figure S4). Overexpression of
Sig-1R-EYFP (Figure 5E) or wild-type Sig-1Rs (data not
shown), however, suppressed ER stress-induced activa-
tion of sensor proteins PERK and ATF6 (Figure 5E). It is
unclear at present why Sig-1R overexpression did not af-
fect the activation of IRE1. Nevertheless, because ER
stress longer than 30 min can cause the redistribution of
Sig-1Rs to the entire ER (Figure 5D), it is possible that re-
distributed Sig-1Rs may play a role in the suppression of
misfolded proteins that cause UPR.
Inasmuch as Sig-1Rs can suppress UPR, we tested
whether dysfunction of Sig-1Rs might affect cell death/
survival. Results showed that knocking down of Sig-1Rs
significantly enhances apoptotic cell death induced by ei-
ther TG or glucose deprivation (Figure 5F).
Taken together, the above data confirm the chaperone
nature of Sig-1Rs at the ER.
Sig-1Rs Stabilize IP3R3s at MAM
Depletion of ER Ca2+ Triggers Sig-1Rs
to Dissociate from BiP to Bind IP3R3s
Although we previously showed that Sig-1Rs form a
trimeric complex with a cytoskeletal adaptor protein
ankyrin-B and the IP3R3 in NG-108 cells (Hayashi and
Su, 2001), we could not detect ankyrin B in the IP3R3 im-
munoprecipitants in CHO cells (data not shown). Never-
theless, Sig-1Rs coimmunoprecipitated IP3R3s in both
CHO and NG108 cells (Figure 6A). Because Sig-1Rs and
IP3R3s colocalize and associate with each other at
MAM (Figures 1 and 6A), and because the activation of
IP3Rs causes a depletion of ER Ca2+ that in turn can dis-
sociate Sig-1Rs from BiP, we formulated a model as fol-
lows: The activation of IP3Rs triggers Sig-1Rs to(C) Light scattering of citrate synthase (CS: 75 nM in 40 mM HEPES, pH 7.4) spectrophotometrically monitored at 43C. Numbers in parentheses
indicate molar ratios of proteins.
(D) Light scattering of secretory proteins. All proteins (75 nM) were monitored at 43C, except for insulin (50C), with 75 nM GST-Sig-1R116-223
added to each assay. Western blotting shows the tissue distribution of Sig-1Rs in rats.
(E) GST-Sig-1R pull-down assay. Cell lysates from rat organs or CHO cells were incubated with GST-Sig-1R29-92 or GST-Sig-1R116-223 coupled to
Sepharose-glutathione beads. Associated BiP and GST-fused Sig-1Rs were detected by immunoblotting (IB).
(F) In vitro pull-down assay using recombinant BiP and GST-Sig-1R116-223. GST-Sig-1R116-223 coupled to Sepharose-glutathione beads was
incubated with purified recombinant BiP with or without cations. BiP pulled down with beads were detected by IB.
(G) Effect of Ca2+ or Mn2+ on chaperone activities of GST-Sig-1R116-223 and BiP assessed by light scattering with CS. All proteins at 75 nM. n = 4 in
graph (error bar = SEM).Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 603
Figure 5. Cellular Stress-Induced Upregulation of Sig-1Rs: Relation to ER Stress Sensors
(A) Sig-1R upregulation caused by heat shock (43C for 30 min followed by 37C culture) or glucose deprivation. n = 5–6 in graph (error bar = SEM).
(B) Sig-1R upregulation caused by ER stressors.
(C) Effects of cellular stress on Sig-1R mRNA (northern blottings).
(D) Subcellular redistribution of endogenous Sig-1Rs by TG (3 mM; 0–30 min). Bar = 10 mm.
(E) Effect of Sig-1R-EYFP overexpression on states of ER stress sensors. IRE1were immunoprecipitated from 400 mg of total protein lysates (IgG used
for IRE1 IP is shown as loading controls). p-PERKwas detected by antibodies specific to phospho-PERK. Activation of IRE1 or PERK, if any, is seen in
increases in respective phosphoforms. Increases of cleaved forms (p50) with concomitant decreases in intact forms (p90) are indicative of the acti-
vation of ATF6. n = 4 in each graph (error bar = SEM).
(F) Potentiation of TG (3 mM)- or glucose deprivation-induced apoptosis by Sig-1R siRNA. Apoptotic cells were detected by immunocytochemistry for
single-stranded DNA. Apoptotic cells in five fields (>20 cells/field) were counted in individual samples; n = 6 in graph (error bar = SEM). **p < 0.01.dissociate from BiP, thus calling upon the chaperone ac-
tivity of free Sig-1Rs to attenuate the aggregation of
IP3Rs.
To verify this model, we examined [Ca2+]ER as well as
the association of Sig-1Rs with BiP or IP3R3 during the
activation of IP3Rs. [Ca2+]ER monitoring was performed604 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.with FRET by expressing ‘‘cameleon’’ mutants containing
the ER-targeting sequence (D1ER cameleon) (see Palmer
et al., 2004) (Figure 6B). When IP3Rs were activated by
ATP (10 mM), an agonist of Gq protein-coupled purinergic
receptor P2Y (P2YR) expressed on CHO cells, ATP
caused a rapid depletion of ER Ca2+ in 2 min that
Figure 6. ER Ca2+-Dependent Dynamics in Interactions between Sig-1Rs, BiP and IP3R3s
(A) Coimmunoprecipitation of IP3R3s with endogenous immunoreactive Sig-1R or Sig-1R-EYFP. MAM fractions were used for IP of endogenous Sig-
1Rs. Images represent colocalization of IP3R3s and endogenous Sig-1Rs at MAM in a CHO cell.
(B) FRET images of D1ER cameleon in CHO cells treated with 10 mM ATP, 3 mM TG, or 50 mM BAPTA-AM.
(C) Temporal patterns of [Ca2+]ER and dynamics of protein interactions induced by IP3R activation or ER stress. Protein interactionswere detected by
Sig-1R-EYFP IP followed by BiP and IP3R3 IB. Ca2+ tracings are averages of 15 to 16 cells from 4 independent experiments (error bar = SEM).
(D) Effects of (+)pentazocine [(+)PTZ; 3 mM] on TG (3 mM)- or BAPTA-AM (50 mM)-induced associations of Sig-1R-EYFP with IP3R3s. IP3R3s were
coimmunoprecipitated with Sig-1R-EYFPs. (+)PTZ was applied 30 min before TG or BAPTA-AM. n = 4 in graph (error bar = SEM).recovered slowly in 10 min. The IP3R activation by ATP
concomitantly caused a rapid dissociation of Sig-1R-
EYFP fromBiP, as well as a rapid association of the former
with IP3R3 (Figure 6C, left panel). These data support our
model whereby Sig-1Rs, upon activation of IP3Rs, disso-
ciate from BiP and begin to bind IP3R3s.
To further clarify the role of ER Ca2+ in our model, ER
stressors were tested in the same manner. As shown in
Figures 6B and 6C, potencies/kinetics of different ER
stressors in causing declines of [Ca2+]ER matched per-
fectly their potencies/kinetics in causing BiP dissociation
that accompanied the initiation of Sig-1Rs’ associations
with IP3R3s. Notably, the association between Sig-1Rsand IP3R3s lasted for merely 20 min even under the per-
sistent depletion of ER Ca2+ (TG and BAPTA-AM in
Figure 6C). Although it is known that the TG-induced cyto-
solic Ca2+ elevation could stimulate IP3 production (Mat-
suura et al., 2006), IP3 binding to the IP3Rs seems not
to be involved in triggering the association between Sig-
1Rs and IP3R3s because (1) BAPTA-AM, which depletes
both cytosolic and ER Ca2+, can still promote the associ-
ation (Figure 6C) and (2) absorbing cytosolic IP3 by ex-
pressing IP3 sponges did not affect the TG-induced asso-
ciation of Sig-1Rs with IP3R3s (Figure S5B). Taken
together, these data indicate that the decline of ER Ca2+,
but not IP3 production, promotes a rapid dissociation ofCell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 605
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Sig-1Rs from BiP as well as the association of Sig-1Rs
with IP3R3 in the living cell.
Since Sig-1R agonists can also cause dissociation of
Sig-1Rs from BiP seemingly in an ER stress-independent
manner (Figure 3), we examined whether agonist treat-
ments might increase the association between Sig-1Rs
and IP3R3. (+)Pentazocine per se did not affect this asso-
ciation in CHO cells under normal conditions, indicating
that the ligand-induced dissociation of Sig-1Rs from BiP
may not be sufficient for Sig-1Rs to bind IP3R3. We tested
next if (+)pentazocine might ‘‘potentiate’’ the association
of Sig-1Rs with IP3R3 under ER stress. When ER Ca2+
was decreased by either TG or BAPTA-AM, (+)pentazo-
cine prolonged the association of Sig-1Rs with IP3R3s
(Figure 6D). Sig-1R agonists therefore modulate the asso-
ciation of Sig-1Rs with IP3R3 particularly when cells were
depleted of ER Ca2+.
Sig-1R Chaperone Attenuates IP3R3 Degradation
IP3Rs degrade through multiple pathways. Newly synthe-
sized IP3Rs, whose folding processes involve a transient
association with calnexin, degrade rapidly (Joseph et al.,
1999). Channel-forming tetramers of mature IP3Rs have
considerably long half-lives. However, IP3 binding to the
IP3 channel leads to a rapid ubiquitination and degrada-
tion of IP3Rs (Alzayady and Wojcikiewicz, 2005; Bhanu-
mathy et al., 2006). Pulse-labeling experiments indicated
that Sig-1Rs hardly associate with nascent IP3R3
(Figure S5C). Further, knockdown of Sig-1Rs did not af-
fect the half-life of newly synthesized IP3R3s (Figure 7A).
These results indicate that, unlike calnexin, Sig-1Rs may
not be involved in chaperoning nascent IP3Rs. MAM has
been known to be devoid of ribosome (Rusinol et al.,
1994). We speculated therefore that Sig-1Rs may chaper-
one mature IP3R3s at MAM.
The stability of channel-forming mature IP3R3s and the
potential involvement of Sig-1Rs in stabilization of IP3R3
channels were thus examined in CHO cells by activatingIP3Rs. In CHO cells, it has been shown that carbacol, an
acetylcholine receptor agonist, causes a prominent deg-
radation of channel-forming IP3Rs by promoting pro-
longed elevations of IP3, whereas P2YR stimulation by
ATP, promoting only transient elevations of IP3, causes
negligible IP3R degradation (Bhanumathy et al., 2006).
We found here when Sig-1Rs were knocked down by
siRNA, P2YR stimulation by ATP now produced a promi-
nent degradation and poly-ubiquitination of IP3R3s within
60 min (Figures 7B and 7C), the degradation being much
faster than that seen with carbacol in wild-type CHO cells.
Further, the sucrose fractionation for protein aggregates
revealed that Sig-1R siRNA induces a prominent increase
of highly aggregated IP3R3s, but not those of actin, in
CHO cells stimulated with ATP (Figure 7D). In contrast,
type 1 IP3Rs, which locate at the ER reticular network
but not at MAM, did not show any degradation after ATP
stimulation in either wild-type cells or cells lacking Sig-
1Rs (Figure 7E). Sig-1Rs thus play an important role in
the stabilization of channel-forming IP3R3s.
Sig-1Rs Selectively Affect Ca2+ Mobilization
at Mitochondrion and Not at Cytosol
Type 3 IP3Rs at MAM selectively mediate Ca2+ uptake to
mitochondria due to their proximity to mitochondria,
whereas type 1 IP3Rs predominantly mediate cytosolic
Ca2+ mobilization (Mendes et al., 2005). Indeed, knock-
down of IP3R3 significantly decreased ATP-inducedmito-
chondrial Ca2+ uptake (Figure 7F).
Since Sig-1Rs stabilize IP3R3s at MAM, we examined
how Sig-1Rs regulating IP3R3s at MAM may affect Ca2+
mobilization in mitochondrion as well as in the bulk cyto-
sol. As shown in Figures 7G and 7H, ATP caused an in-
crease in mitochondrial Ca2+ ([Ca2+]mito) with a relatively
slow onset, whereas it caused a rapid Ca2+ mobilization
in the cytosol ([Ca2+]cyt). Sig-1R siRNAs affected neither
the basal fluorescence level of the two Ca2+ indicators
(Figure S5) nor the ATP-induced IP3 formationFigure 7. Sig-1Rs Stabilize IP3R3s at MAM: Relation to Mitochondrial Ca2+ Dynamics
(A) Effect of Sig-1R knockdown on stability of newly synthesized IP3R3s. Sig-1R (siSig-1R) or control siRNA (siCon) were transfected 2 days before
experiments. IP3R3s in 35S-Met-labeled CHO cells were immunoprecipitated for autoradiography (upper) and immunoblotting (IB: lower).
(B) Effect of Sig-1R knockdown on ligand-induced IP3R3 degradation. IP3R3 levels following ATP stimulation were measured by IB.n = 4 in graph
(error bar = SEM).
(C) IP3R3 ubiquitination in Sig-1R-knockdown cells. CHO cells expressing FLAG ubiquitin were pretreated with lactacystin (10 mM, 3hr) followed by
ATP stimulation and IP3R3 IP. Note that lactacystin abolished the potentiating effect of Sig-1R siRNA (siSig-1R) on IP3R3 degradation.
(D) Effect of Sig-1R siRNA on IP3R3 aggregation. siRNA-transfected CHO cells were stimulated with 10 mM ATP for 30 min with 10 mM lactacystin.
Triton X-100 cell lysates were fractionated by the sucrose gradient centrifugation. Increases of proteins in lower fractions (e.g., 9–12) are indicative of
accumulation of protein aggregates.
(E) Subcellular localization of type 1 (red) and type 3 (green) IP3Rs in CHO cells. Bars = 10 mm (left) and 2 mm (right). Western blotting: lack of effect of
Sig-1R knockdown on IP3R1 degradation.
(F) Effect of IP3R3 knockdown on ATP-induced Ca2+ influx to mitochondria. n = 5 in tracing (error bar = SEM). Insets are IB of siRNA-transfected cells.
(G) ATP-induced mitochondrial Ca2+ mobilization in siRNA-transfected CHO cells. Tracing represents mean ± SEM of six independent experiments.
Insets: T1/2 of mitochondrial Ca2+ mobilization (mean ± SEM, n = 6), ATP-induced IP3 formation (mean ± SEM, n = 5) respectively. Bars = 10 mm.
(H) ATP-induced cytosolic Ca2+mobilization in siRNA-transfected CHO cells. n = 6 in both graphs and tracing (error bar = SEM). Bar = 10 mm. The late
phases of ATP-induced cytosolic Ca2+ mobilization were assessed by the area under curve between 100 and 500 s (AUC100–500; see Figure S5 for
details).
(I) Effect of Sig-1R knockdown on SOCC-induced Ca2+ influx to mitochondria. CHO cells were pretreated with TG and BAPTA for 5 min before 1 mM
Ca2+. Tracing represents mean ± SEM of five independent experiments.
(J) Effects of Sig-1R knockdown onmitochondrial Ca2+ influx caused by repetitive ATP applications. ATPwas applied for 150 s twicewith an interval of
30 min. Changes in [Ca2+]mito by first and second ATP applications were superimposed. n = 4 in tracings and graphics (error bar = SEM). **p < 0.05.Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc. 607
(Figure 7G), indicating that the P2YR/Gq/PLC/IP3 path-
way is intact in Sig-1R-lacking CHO cells. Sig-1R siRNAs
did not affect the peak height of ATP-induced [Ca2+]mito
and [Ca2+]cyt, respectively (Figures 7G and 7H). However,
the siRNA caused a rapid desensitization seen with mito-
chondrial Ca2+ uptake (Figure 7G). Same results were
seen when [Ca2+]mito was more selectively monitored
by FRET in CHO cells expressing a mitochondria-target-
ing cameleon (Figure S5). The Sig-1R siRNA, on the other
hand, tended to cause a slight delay of the decay of ATP-
induced [Ca2+]cyt to return to the basal level (Figure 7H),
suggesting a less efficacious Ca2+ mitochondrial buffer-
ing/uptake from the bulk cytosol at the late phase of the
cytosolic Ca2+ mobilization at which time period the dys-
function of IP3R3s at MAM may have become more evi-
dent (Figure 7E). The peak height of the [Ca2+]cyt in
siRNA-treated cells might have been higher also, but the
Ca2+-dependent inhibition of Ca2+ release might have
blunted the peak height. How exactly the alteration of
mitochondrial buffering shapes cytosolic Ca2+ is compli-
cated, e.g., a relative insensitivity of IP3R3s to the Ca2+-
dependent inhibition of Ca2+ release was reported (Hagar
et al., 1998). Nevertheless, it is worth noting that the store-
operated Ca2+ channel (SOCC)-induced mitochondrial
Ca2+ influx is not affected by Sig-1R siRNA (Figure 7I),
indicating that Sig-1Rs mainly work on IP3-induced Ca2+
influx from MAM into mitochondria (e.g., via IP3R3s) but
not on the Ca2+ influx from the bulk cytosol into mitochon-
dria.
Sig-1R siRNAs Attenuate the Repetitive ATP
Stimulation-Induced Ca2+ Mobilization Selectively
in Mitochondrion But Not in Cytosol
Since Sig-1Rs chaperone IP3R3s particularly when ER
Ca2+ is depleted (Figure 6), we examined the role of Sig-
1Rs in mitochondrial Ca2+ signaling under conditions that
cause fluctuation of [Ca2+]ER. Accordingly, CHO cells
were repetitively stimulated by ATP, which was already
shown to promote a rapid ER Ca2+ depletion as well as
the dissociation of BiP from Sig-1Rs (Figure 6C). Results
showed that in cells expressing control siRNAs, thesecond
stimulation by ATP causedCa2+ influx intomitochondria at
a level similar to that induced by the first ATP stimulation
(Figure 7J). However, in CHO cells expressing Sig-1R
siRNAs, the [Ca2+]mito caused by the secondATP stimula-
tion was largely reduced when compared with that seen in
the first ATP stimulation (Figure 7J). These results suggest
that the functional recovery of IP3R3s after the first ATP
stimulation was severely impaired in cells lacking Sig-
1Rs. Results also show that the Sig-1R-siRNA did not re-
duce the [Ca2+]cyt in transfected cells either upon the first
or the second ATP stimulation (Figure S5H). In fact, in the
siRNA-transfected cells, the [Ca2+]cyt peak caused by
the second ATP stimulation was slightly higher than that
caused by the first stimulation. The second peak being
higher than the first in siRNA-transfected cells is consistent
with our notion that the mitochondrial Ca2+ uptake from
bulk cytosol is less efficacious after the first ATP stimula-
tion. Taken together, our results indicate that Sig-1Rs608 Cell 131, 596–610, November 2, 2007 ª2007 Elsevier Inc.play a pivotal role in proper functioning of IP3R3s and the
ensued mitochondrial Ca2+ influx during repetitive physio-
logical stimuli.
DISCUSSION
Sig-1Rs: A New Family of Receptor Chaperones
at the ER
The present study has identified a new, yet novel ER chap-
erone: the Sig-1R chaperone. The BLAST search for short
amino acid sequences failed to match Sig-1Rs to any
conserved domains seen in all classes of molecular chap-
erones (data not shown). The Sig-1R is ubiquitously
expressed in mammalian tissues, and its sequence is
highly conserved (>90%) inmammals, suggesting a funda-
mental role of this chaperone in living systems.
The chaperone activity of the Sig-1R is uniquely regu-
lated by its association with BiP in a Ca2+/Mn2+-depen-
dent manner. Contrary to classic chaperone assemblies,
the chaperone activity of Sig-1R or BiP is less prominent
when associated as a complex. Specifically, at physiolog-
ical Ca2+ concentrations (R0.5 mM), the Sig-1R-BiP com-
plex is in a dormant state, which minimizes the total chap-
eroneactivity of each.DecreasingCa2+ in theER, however,
causes a rapid disassembly of the complex, shifting the
chaperone activity into a higher state. This rapid activation
system may enable the chaperone machinery to effi-
ciently respond to thedecreased level of ERCa2+ that often
occurs during signal transduction.
Sig-1R Ligands and Therapeutic Implications
Since the identification of Sig-1R binding sites (Su, 1982),
a number of selective Sig-1R ligands have been synthe-
sized. Therapeutic efficacies of Sig-1R ligands have
been reported in many preclinical studies examining, for
example, stroke, Alzheimer’s disease, cancer, drug seek-
ing, or depression (Maurice and Lockhart, 1997; Spruce
et al., 2004). Inasmuch as many diseases are caused by
protein misfolding and chaperones are extensively impli-
cated therein (Kaufman, 2002), our present results sug-
gest that Sig-1R agonistsmay exert their effects by freeing
Sig-1R chaperones from BiP. This unique property of the
ligand-operated chaperone machinery may represent a
new avenue for therapeutic opportunities. In this regard,
it is important to point out that Sig-1R chaperones are en-
riched in secretory organs that release BDNF, insulin, and
apolipoproteins.
Mitochondrial Ca2+ plays a central role in energy produc-
tion and thus is important for cellular survival, although
a high level of mitochondrial Ca2+ triggers cell death (e.g.,
Walter and Hajnoczky, 2005). In this regard, it is interesting
to note that under normal physiological conditions such as
the ATP stimulation, Sig-1Rs remain at the MAM (i.e., with-
out redistribution; data not shown) and chaperone IP3R3s.
However, when under continuous ER Ca2+ depletion
caused by ER stress, Sig-1Rs redistribute from MAM to
theentireERnetwork. InasmuchasSig-1Rsarechaperones
and are cellular protective (Figure 5F), we speculate that
under prolonged ER Ca2+ depletion, Sig-1Rs are called
upon by some as yet unknown factor(s) to translocate
from theMAMtootherparts of thecell (e.g., ER) toattenuate
the biological insults imposed on the cell. Further investiga-
tions are required in this regard.
MAM: A Chaperone-Enriched ER Subdomain
Our data indicate for the first time that calnexin, BiP, and
particularly Sig-1Rs are enriched at MAM. MAM contains
key Ca2+-handling proteins that constantly face risks of
degradation incurred upon Ca2+ mobilization. Therefore,
Ca2+-sensing ER chaperone machineries stabilizing those
proteins at the MAMmight represent a fine-tuning mecha-
nism for proper signaling of mitochondrial Ca2+. Pheno-
types of cells may be diverse, and the generalization of
this action of Sig-1Rs to all types of cells may await further
characterization. However, we found that the MAM distri-
bution pattern of Sig-1Rs is consistent in many types of
cells (data not shown), suggesting a generalized role of
Sig-1Rs as chaperones at the MAM. Further, the highly
conserved sequence of Sig-1Rs renders support to this
notion.
A very recent study found that the mitochondrial chap-
erone grp75 also regulates IP3R-mediated mitochondrial
Ca2+ signaling (Szabadkai et al., 2006). Together with
our current findings, a new picture emerges whereby
chaperone machineries at both ER and mitochondrion
orchestrate the regulation of Ca2+ signaling between these
two organelles.
In conclusion, our results constitute the first report that
the mitochondrial Ca2+ signaling can be controlled by
chaperone machineries on the side of the ER and that
the unique receptor chaperone Sig-1R plays important
roles in the ER-mitochondrial interorganelle Ca2+ signaling
and in cell survival as well.
EXPERIMENTAL PROCEDURES
Immunocytochemistry and Confocal Microscopy
CHO cells were transfected with Lipofectamine-2000 (Invitrogen) and
cultured on poly-D-lysine-coated coverglass in MEM-a containing
10% fetal calf serum (FCS). Mito-DsRed or -GFP vectors were used
at 0.5 mg/well (12-well plate). cDNAs coding siRNAs were constructed
in pSIREN vectors (Clontech) as described elsewhere (Hayashi and
Su, 2004b). Sense sequences of active and inactive (control) siRNAs
for IP3R3Rs are 50-CAGAAUGUCCUGGACAUCAUGGUCA-30 and
50-CAGCUGUGGUCUACAGUACGAAUCA-30, respectively (Stealth
RNAi, Invitrogen). Expression vectors for EYFP-tagged Sig-1Rs were
constructed by ligating mouse Sig-1R cDNA in EYFP vector (Supple-
mental Experimental Procedures). Immunocytochemistry was per-
formed as described (Hayashi and Su, 2003a, 2003b). Importantly,
antigen retrieval with 0.5% NP-40 without using SDS was required
for detection of BiP and calnexin at MAM. We could not detect BiP
and calnexin at MAM in our previous publication because we used
SDS (Hayashi and Su, 2003b). For selective plasma-membrane per-
meabilization, fixed cells were incubated for 15 min at 4C with
500 U/ml of DTT-activated streptolysin-O followed by incubation for
15min at 37C. Single-stranded DNA for apoptotic cells were detected
according to the instruction from Chemicon. Sources of antibodies are
provided in Supplemental Experimental Procedures. UltraView confo-
cal microscopic system (PerkinElmer) was used for imaging.For Ca2+ measurements, CHO cells on coverslips were set in
a close-bath imaging chamber with a heater platform (30C) for con-
stant perfusion (a 36 ml chamber volume, 3 ml/min flow rate in
Krebs-Ringer buffer, Warner Instrument). For cytosolic Ca2+ monitor-
ing with Fluo-4 (loaded at 6 mM, 37C for 30 min), the cytosolic spaces
devoid of DsRed-Mito were selected. Proper mitochondrial loading of
Rhod-2 (3 mM at 22C for 20 min) was verified by complete quenching
of Rhod-2 fluorescence with a mitochondrial uncoupler (Figure S5).
Ca2+ was monitored in single mitochondrion (10–20 mitochondria/
cell, 3–8 cells/independent experiment). In FRET analyses, emission
ratio imaging was obtained by using a 442 ± 10 nm excitation filter
and two emission filters (480 ± 30 for CFP, 550 ± 40 for YFP citrine)
as described (Palmer et al., 2004). FRET signals showed no photo-
bleaching over 120 min.
Biochemical Assays
Preparation and enzymatic assays for MAMwere described elsewhere
(Vance, 1990). Briefly, following homogenization of 2.53 107 cells, nu-
clear, crude mitochondrial, and microsomal fractions were prepared
by differential centrifugation. Supernatants were collected as cytosolic
fractions. The crude mitochondrial fraction in the isolation buffer
(250 mM mannitol, 5 mM HEPES, 0.5 mM EGTA, pH 7.4) was sub-
jected to Percoll gradient centrifugation for separation of MAM from
mitochondria.
In sucrose fractionations for protein aggregates, CHO cells were
lysed in 50mM Tris (pH 8.0) with 1.5 mMEDTA, 1.5 mMDTT, 3.5% Tri-
ton X-100, 15% sucrose, and proteinase inhibitors. Lysates (1 vol)
were layered on the top of sucrose gradients (40%–80%, 5 vol.) and
centrifuged at 180000 3 g for 17 hr. Twelve fractions were collected
from the top.
In IP, cell lysates were prepared in 50 mM Tris (pH 7.4) containing
0.2% CHAPS and protease inhibitors. Crosslinking was performed
by incubating cell suspensions in ice-cold PBS with150 mg/ml DSP
for 60 min. Reaction was stopped by adding Tris (pH 8.8, final
50 mM). Fifteen minutes after incubation on ice, cells were lysed with
0.5% Triton X-100. For BiP/Sig-1R-EYFP sequential IP, BiP immuno-
precipitants were boiled in 30 ml of SDS sample buffer and diluted
with CHAPS lysate buffer (600 ml) for GFP IP.
Procedures for purification of GST-fused polypeptides and in vitro
binding assays (Figures 4E and 4F) are provided in Supplemental Ex-
perimental Procedures. For light-scattering assays, absorbance was
monitored at 320 nm every 10 s by using Shimadzu UV-1700. Prepa-
ration of 32P-labeled mRNA probes (39–710 of rat Sig-1R mRNA,
accession number AF004218) and associated northern blotting were
performed according to the company’s instruction (Northern Max,
Ambion).
Statistics
Two-tailed Student t test or one-way ANOVA followed by Tukey test
was employed. Data were presented as means ± SEM.
Supplemental Data
Supplemental Data include five figures, Supplemental Results, Sup-
plemental Experimental Procedures, and Supplemental References
and can be found with this article online at http://www.cell.com/cgi/
content/full/131/3/596/DC1/.
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